Abstract. Transition probabilities in the iron group spectra Ti III and V IV are obtained from an accurate description of the 8 lowest even and 4 lowest odd configurations of the atomic system. Results are compared with experiment and current databases.
Introduction
Fortunately, there is a continuing increase and improvement of astrophysical observational possibilities, both by satellite and by ground based observatories. Technically advanced telescopes are used to search for faint objects and to detect the emitted light with highly dispersive equipment such as the Hubble Space Telescope (HST) and the International Ultraviolet Explorer (IUE). The vacuum ultra-violet region will be observed by FUSE-LYMAN at high resolution down to the Lyman continuum at 912Å.
At the same time, this progress underlines the need for more and more accurate atomic and molecular transition probabilities. Most stellar spectra are affected with broad features or blends. Therefore, to investigate stellar objects in a state of the art way, transition probabilities (either from theoretical calculations or from laboratory observations) should necessarily be accurate to about 10% or better.
Because of their nuclear stability, iron group elements (especially the even-Z ones without nuclear spin) are frequently encountered in stellar spectra. The lower (I and II) ionization stages can be observed in the photosphere, while higher ionization is seen in the emission lines of the chromosphere with its steep rise of ionic temperature; Atype stars constitute important examples of this.
To start our calculations of transition probabilities, we choose Titanium and Vanadium which are cases of intermediate complexity and allow for comparison with other Send offprint requests to: A.J.J. Raassen work; for the near future, the study of iron and nickel which are of even greater astrophysical importance, is planned.
Ti and V are observed in a variety of stellar objects. In the sun, Ti figures in third place in terms of numbers of lines . Hundreds of Ti I and Ti II lines are observed in the solar photospheric spectrum (Moore et al. 1966; Biémont 1976) . Ti II appears in mid-B-type stars, slowly increases towards F-type, and persists up to type M. Ti has been found overabundant (with respect to Fe) in extreme halo dwarfs (Magain 1989) . Due to the lack of accurate transition probabilities of higher ionization, one was forced here to use the weaker Ti I lines to determine the abundance. Ti II is used to determine the radial velocity of A-type shell stars (Levato et al. 1995) . Ti III is less frequently observed but has been seen in Ap stars (Bidelman 1966) as well as by the IUE in β Orionis. (Rogerson & Upson 1982) .
Similarly, V I and V II show several hundreds of lines in the solar photospheric spectrum. Knowledge of accurate transition probabilities is therefore vital for the determination of the solar abundance of V and refining the chemical composition of the sun (Whaling et al. 1985) . V II has been seen in late B-type stars and is also observed in A stars . In non-normal stars, V shows a behaviour similar to that of Fe and consequently is considered as "typical metal". V is slightly overabundant with respect to iron in globular cluster stars (Wheeler et al. 1989 ). V IV is seen in the balloon UV spectrum of the sun (Samain 1995) .
Although the orthogonal operator method has been used for more than a decade now to describe energy levels of iron group elements, the present work is the first to calculate transition probabilities in this framework. It has been shown to give reliable results for complex atoms, i.e. atoms with Z > 20 and more than one electron outside closed shells. What are the advantages and disadvantages of the new orthogonal operator method? In Sect. 2, a short introduction of the method itself in relation to other current methods of producing gf-or A-values is given; similarities as well as differences are discussed. In Sect. 3, details of the actual calculation as well as the numerical results are given. Parpia et al. 1996; Desclaux 1975) are most suited to produce a few, but accurate results. MCHF is able to include a large amount of electrostatic correlation and is therefore, like the Configuration Interaction Version 3 (CIV 3) code (Hibbert 1975) , successful in the field of "lighter", i.e. Z < 20, atoms. MCDF, on the other hand, is obviously better equipped for the heavier atoms. However, it can at the moment only handle a limited amount of electrostatic correlation, which means that fine structure is generally better described than absolute energies. For the production of large quantities of reliable data, Cowan's RCN/RCG suite of programs (Cowan 1981) has gained widespread acceptance. Here, fitting to experimental energy levels with Slater-Condon parameters is vital to raise the accuracy, especially in complex energy structures with several d-or f-electrons outside closed shells where there are many levels of the same J-value in a relatively small energy interval.
The orthogonal operator method can be seen as a continuation of the Slater-Condon theory of atomic spectra. In the Slater-Condon theory, the Coulomb interaction between the electrons is described by means of the Slater F-and G-integrals, while the magnetic interaction due to the motion of the nucleus in the rest frame of an electron is translated into the well known spin-orbit interaction. These interactions, however, are not orthogonal which implies that adding another interaction to the system would influence the values of all previous interaction constants.
Orthogonal operators
Roughly a decade ago (Judd et al. 1982; Hansen et al. 1988a) , this system was orthogonalized. As the parameters in the new operator set are as independent as possible, the fits are highly stabilized which offers the possibility to include new operators that account for small interactions like higher order or pure relativistic effects. As a result, the mean error σ of the fit is reduced by an order of magnitude in a physically significant way.
Although the method is semi-empirical in character, ab initio calculations do constitute an important part of the procedure, especially to describe relativistic, e.g. fine structure effects. More specifically in connection with this work, two-particle (like dd, dp or ds) magnetic effects are relevant. Due to the small number of experimental levels in the d 2 and dp configuration it is not possible to fit these parameters. Therefore they were fixed at their MCDF ab initio calculated values. In spite of the sometimes large number of parameters, the number of parameters actually varied is in many cases about the same as in the traditional Slater-Condon method. Even without varying its additional parameters, the orthogonal operator method still provides an improved description of complex spectra .
With respect to the classical Slater-Condon type calculations of transition probabilities, the differences are twofold: First, as the level positions and thereby the spacing between them are described in more detail, one may suppose that the corresponding eigenvectors are more accurate. These eigenvectors are used to transform the transition probabilities in pure SL-coupling to the real intermediate coupling scheme. Second, the transition integrals calculated by means of MCDF are corrected for the effect of core-polarization. We find that this correction, which is commonly a reduction of the transition integral, improves the agreement with absolute transition probabilities from experiment.
Of course there are difficulties as well, otherwise it would be hard to explain that not everyone involved in this field is using orthogonal operators. Compared to Cowan's programs, our procedure is less automatic. Parameter values, especially if they are meant to be fixed, have to be obtained either from extrapolation (which requires some experience with the region under study) or from ab initio calculation. Programs to translate Slater F-and Gintegrals to their orthogonal counterparts are available. We adapted the GRASP2 package (Parpia et al. 1996) to calculate two-electron magnetic effects; a request to obtain this program should be directed to Froese Fischer and the present authors. However, effective (i.e. higher order) electrostatic parameters may pose a problem if they can not be fitted directly, in which case one should apply extrapolation or second order perturbation theory (Uylings et al. 1993 ). Yet, we hope that this situation is temporary. Overview articles containing numerous parameter values for d N (Hansen et al. 1988b) , d N−1 s (van het Hof et al. 1991) and d N−1 p have been published and can be used to find starting values for the parameters. Everybody interested in working with orthogonal operators is invited to contact the authors or to visit our Internet address ftp://nucleus.phys.uva.nl in the directory pub/orth.
Transition probabilities

The need
With efficient filters for cascade effects, one can accurately determine individual transition probabilities from lifetimes derived in observing the fluorescence following laser excitation. In iron group or other complex spectra with their hundreds or thousands of lines, this method is not practicable and the astrophysicist has to take recourse to Internet databases containing bulk data. However, many values available so far and collected e.g. in NIST compilations (Martin et al. 1988 ) and databases from NIST, Kurucz and Kelly, are accurate to about 50%. Naturally, the data in these databases are not independent. Sometimes the NIST compilation contains experimental data but in many cases semi-empirical calculations are employed. It is hard to give error bars on this type of calculation, and if they are there at all, they are hard to substantiate.
In view of the above, it is necessary that more data become available to enable the experimentalist to decide on the real accuracy of the methods.
The present case
Our study of transition probabilities in the iron sequence using orthogonal operators is started with Ti III and V IV. These ions were chosen because the ground configuration contains two d-electrons, which means that they are the first ions with two particle (dd and dp) magnetic effects. In the III-and IV-spectra the configurations are relatively well separated in comparison with the I-and IIspectra in which the energies of the 3d-and 4s-electron are competitive. On the other hand the odd system is not yet perturbed by the open 3p-shell, giving rise to a 3p 5 3d 3 configuration. This effect occurs in the VI-spectra and is probably already influencing the V-spectra of the iron group elements.
To calculate the (3d 2 +3d4s) → 3d4p transitions properly, it was necessary to take into account the interaction with neighbouring configurations. For that reason the even system was built from (3d 2 + 3d4s + 4s 2 + 3d5s + 3d6s + 3d4d + 3d5d + 4p
2 ) and the odd system from (3d4p + 4s4p + 3d5p + 3d4f). Interactions with other (farlying) configurations are taken into account by means of so-called effective operators. These sets of configurations are almost the same as the ones used by Wyart (1975) . However he used the conventional method and his investigation was limited to energy values without the calculation of transition probabilities.
Method
After completing the fitting procedure, eigenvalues and eigenvectors are obtained from the diagonalization of the Hamiltonian. The eigenvectors yield the composition of the actual state in terms of pure SL-coupling, i.e. the SL-term fractions. They are used to transform the pure SL-transition matrix into the factual transition probabilities in intermediate coupling. The angular part of the SL-transition matrix is calculated from straightforward Racah algebra, the radial transition integral is obtained from the MCDF program (Parpia et al. 1996) . The values of these integrals corrected for core polarization are given in Table 1 for Ti III and Table 2 for V IV.
E1 results
In the Tables 3 and 4 the log(gf) values for the (3d 2 + 3d4s) → 3d4p transitions are given for Ti III and V IV, respectively. This system is selected by cutting off the higher energy values of both the even and the odd system in the final printing procedure (not at an earlier stage of the calculation, as this would have influenced the results). The first column of these tables shows the wavelength obtained from the energy differences between the experimental level values. Wavelengths below 2000Å are given as vacuum wavelengths and above 2000Å as air wavelengths. The second column gives the log(gf) values followed by the J-value, energy value and the name of the level of the lower (even) level. The first character of the level name designates the configuration number: for the even levels "1" refers to 3d
2 and "2" to 3d4s; for the odd levels "1" refers to 3d4p. An "*" after the energy value indicates that the level is known, in which case (all cases here) the experimental level value is given. When unknown, the calculated energy value is given and used to calculate the wavelength. In the latter case, the wavelengths could deviate and one should be very cautious to use them for stellar spectroscopic assignments.
The electric dipole intensities are compared to those in Kurucz's database (Kurucz 1993) which is at present the most extended data base for transition probabilities. Although in many cases the results from Kurucz are comparable to ours, there are also a number of cases where large discrepancies (some orders of magnitude for the transition probabilities) occur. Striking examples of these differences are given in Tables 5 and 6 for transitions in the 3d4s → 3d4p and 3d 2 → 3d4p transition array respectively. In these tables not only the differences between Kurucz's and our work are given but also the intensity numbers from the original analysis by Edlén & Swensson (1975) . These relative intensity numbers are based on visual estimates on a scale 0 − 25 and comparable (on a different scale) to the intensity numbers given in the NBS compilation (Kelly 1987) . From the tables it seems that our values fit the experimental data better.
Forbidden lines
Apart from allowed electric dipole (E1) transitions, many stellar objects show spectral lines due to magnetic dipole (M1) or electric quadrupole (E2) "forbidden" transitions that occur within complexes of the same parity. These spectral lines can only be observed when other means of decay, like E1 or non-radiative collisional transitions are unlikely, implying a low excitation temperature. Therefore, only forbidden lines in the ground state (even) system are relevant.
For the magnetic dipole transitions only an angular part, that depends on the S-, L-and J-values of the initial and final states, exists. For the electric quadrupole transition, however, the transition probability contains, apart from the angular part, also a radial part. Just as in the case of the electric dipole transitions this radial part was calculated from the MCDF wavefunctions. In Tables 7 and 8 the radial integrals for the electric quadrupole transitions are given. The tables are given in the form of a symmetric matrix since the 3d 2 − 3d4s integral is the same as the 3d4s − 3d 2 integral (in both cases a 3d − 4s transition is calculated). The table is somewhat complicated by the fact that for E2-transitions within the 3d4d (or 3d5d) configurations, there are two non-zero operators, one for the 3d − 3d and one for the 4d − 4d (or 5d − 5d) transition. For these cases, there are two rows in the table: the upper one gives the 3d − 3d integral and the lower the 4d − 4d (or 5d − 5d) transition integral. Tables 9 and 10 give the A-values for the forbidden lines. Just as for the allowed lines only transitions involving 3d 2 − and 3d4s levels are included. The listing is in wavelength order. The level with the lower J-value is given first in the designation of the transition.
Conclusion
Although the orthogonal operator method is known to describe energy levels of complex spectra more accurately (by an order of magnitude) than earlier methods, a similar claim for transition probabilities has yet to be proved. However, the transition probabilities of the present pilot cases Ti III and V IV sustain the comparison with the available experimental data successfully. Global agreement with the database of Kurucz (1993) has been found, while discrepancies seem to be in favour of the present calculation.
To avoid typing errors, all tables containing transition probabilities are computer processed. The only stage in which data typing by hand occurs is in the input of the energy fitting program. However, due to the low mean error σ of the fit with orthogonal operators, the levels values are scrutinized almost automatically.
Complete results of the fits of both the odd and even energy system, as well as the corresponding complete transition arrays can be found in our database (anonymous ftp) at ftp://nucleus.phys.uva.nl in the directory pub/orth/ti3. 
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